Purpose: Information is lacking on the protective effects of thiamine pyrophosphate (TPP) against hyperglycemia-induced retinopathy in rats. This study investigated the biochemical and histopathological aspects of the effect of TPP on hyperglycemia-induced retinopathy induced by alloxan in rats. Materials and Methods: The rats were separated into a diabetic TPP-administered group (DTPG), a diabetes control group (DCG) and a healthy group (HG). While the DTPG was given TPP, the DCG and HG were administered distilled water as a solvent at the same concentrations. This procedure was repeated daily for 3 months. At the end of this period, all of the rats were euthanized under thiopental sodium anesthesia, and biochemical and histopathological analyses of the ocular retinal tissues were performed. The results of the DTPG were compared with those of the DCG and HG. Results: TPP prevented hyperglycemia by increasing the amount of malondialdehyde and decreasing endogen antioxidants, including total glutathione, glutathione reductase, glutathione S-transferase and superoxide dismutase. In addition, the amounts of the DNA oxidation product 8-hydroxyguanine were significantly lower in the retinas of the DTPG compared to the DCG. In the retinas of the DCG, there was a marked increase in vascular structures and congestion, in addition to edema. In contrast, little vascularization and edema were observed in the DTPG, and there was no congestion. The results suggest that TPP significantly reduced the degree of hyperglycemia-induced retinopathy. Conclusions: The results of this study indicate that TPP may be useful for prophylaxis against diabetic retinopathy.
Hyperglycemia in diabetes mellitus is due to a lack of insulin secretion by pancreatic cells or decreased insulin sensitivity of target cells (insulin resistance). [1] Diabetes mellitus often causes microvascular complications in the kidneys, heart, brain and eyes. [2] Diabetic retinopathy is a specific complication of diabetes mellitus and is the most important microvascular complication. [3] Diabetic retinopathy is caused by microangiopathy of the arterioles, capillaries and venules of the retinal layer of the eye, and is responsible for 12% of all cases of blindness in the United States. [4] Retinopathy develops in more than 90% of diabetic patients and confers a 25-fold increased risk of blindness when compared to nondiabetic patients. [5] Although the mechanisms underlying the development of retinopathy in diabetes-related hyperglycemia are known, [6, 7] the mechanisms underlying hyperglycemia-induced microvascular events in the retina are not clear. [8] One study implicated the overproduction of free oxygen radicals in the development of diabetic retinopathy. [9] Another reported that hyperglycemia caused microvascular stress. [10] During prolonged hyperglycemia, glucose was reported to bind to the amino groups of proteins and to cause auto-oxidation of proteins and free-oxygen-radical production. [10] The resulting increase in oxidants and decrease in antioxidant defense systems caused oxidation of lipids and nucleic acids, as well as oxidative stress in cells. Lipid peroxidation involves the oxidation of unsaturated fatty acids in the cell membrane, and ends with transformation into cytotoxic aldehydes, such as malondialdehyde (MDA). [11] Lipid oxidation causes cellular DNA damage. A previous study showed that 8-hydroxyguanine (8-OH/Gua) was an indicator of oxidative damage in DNA, and that it caused microangiopathic complications. [12] In addition, animal studies demonstrated that an accumulation of pyruvate and lactic acid may play a role in the pathogenesis of retinopathy induced by experimental hyperglycemia. [13] The focus of the present study was on the protective effect of the active form of thiamine, thiamine pyrophosphate (TPP), against hyperglycemia-induced retinopathy. [14] TPP was reported to have antioxidant characteristics, [15] to play a role in the intermediate metabolism of carbohydrates, and to facilitate oxidative decarboxylation of alpha-keto acids (pyruvate and alpha-ketoglutarate). [16] It has been stated that pyruvate and lactic acid accumulate in the blood and tissues in TPP deficiency. [17] Thus, based on the current literature, TPP may be useful in the treatment of diabetic retinopathy. A literature search found no information on the effects of TPP on hyperglycemia-induced retinopathy caused by alloxan in rats. Thus, the purpose of this study was to investigate the biochemical and histopathological aspects of the effects of TPP on alloxan-induced hyperglycemia and the resulting retinopathy in rats.
Materials and Methods

Animals
The experimental animals were obtained from the Recep Tayyip Erdoğan University Experimental Practices and Research Centre. Thirty-six male albino Wistar rats with similar weights (295-300 g) were randomly selected for use in the experiment. The rats were housed in a laboratory at room temperature (22°C) for 1 week for acclimatization to the environment. The animal experiments were performed in accordance with the National Guidelines for the Use and Care of Laboratory Animals, and were approved by Recep Tayyip Erdoğan University, Animal Experiments Local Ethics Committee (Number 2014/63, date October 30, 2014).
Chemicals
Thiopental sodium was obtained from IE Ulagay (Turkey), alloxan was obtained from Sigma (USA), and TPP was obtained from Biopharma (Russia). Phosphate buffer, hexadecyl trimethyl ammonium bromide, potassium chloride, Tris, ethylenediaminetetraacetic acid (EDTA), 2-mercaptoethanol, Triton XI00, phenol, ethanol and acetonitrile were obtained from Merck (Germany), and the deoxyguanine (dG) and 8-OHdG standards were obtained from Sigma (USA).
Induction of hyperglycemia
Hyperglycemia was induced by alloxan, which was dissolved in distilled water and administered to the rats intraperitoneally (i.p.) in 120 mg/kg doses for 3 consecutive days. Fasting glucose levels were measured in blood samples obtained from the tail 3 days after alloxan administration. A commercial device was used to measure the blood glucose levels. Animals with blood glucose levels of 250 mg/dL and higher were included in the trial, as these levels are accepted as diabetes. [18] 
Experimental groups
The diabetic rats were separated into a TPP-administered group (DTPG) and a control group (DCG). The healthy group (HG) was not administered any drugs except for distilled water as a solvent.
Experimental procedure
In the DTPG (n = 12), the hyperglycemic rats were injected with TPP (20 mg/kg i.p.). In the DCG (n = 12) and HG (n = 12), distilled water was administered as a solvent at the same concentrations and via the same route. This procedure was repeated daily for 3 months. At the end of this period, all of the rats were euthanized under high-dose thiopental sodium anesthesia, and the retinal layer of the eye was removed under sterile conditions. Biochemical parameters, such as MDA, total glutathione (tGSH), glutathione reductase (GSHRd), glutathione S-transferase (GST), superoxide dismutase (SOD) and 8-OHdG, were quantified in retinal samples from the three rat groups. Histopathological studies of the retinal layers were performed. The results of the DTPG were compared with those of the DCG and HG.
Biochemical experimental procedure
Preparation of the samples A phosphate buffer with a pH of 6 and consisting of 0.5% hexadecyl trimethyl ammonium bromide was used to identify myeloperoxidase in the retinal tissue, and 1.15% potassium chloride solution was used to identify MDA. For the other measurements, a phosphate buffer with a pH of 7 was used. Two milliliters of medium were homogenized and stored in a freezer until use. Afterward, the samples were centrifuged at + 4°C, 10,000 rpm for 15 min. The supernatant was removed and used in the analysis.
Malondialdehyde analysis
The amount of MDA was calculated according to the method of Ohkawa et al. [19] Total glutathione analysis The amount of GSH in the total homogenate was measured according to the method of Sedlak and Lindsay, with some modifications. [20] Glutathione reductase analysis The GSHRd activity was determined spectrophotometrically by measuring the rate of nicotinamide adenine dinucleotide phosphate oxidation at 340 nm, according to the Carlberg and Mannervik method. [21] Glutathione S-transferase activity GST activity was determined according to the method of Habig and Jakoby. [22] Superoxide dismutase analysis SOD was measured according to the method of Sun et al. [23] DNA oxidation analyses A total of 50-100 mg of tissue was homogenized by a mechanical homogenizer in ice at 4°C with 1 ml of homogenization buffer (30 mM Tris, pH = 8, 10 mM EDTA, 10 mM 2-mercaptoethanol, 0.5% [v/v] Triton XI00). The mixture produced was centrifuged at 1000 g for 10 min. The supernatant was discarded, and the 1 ml pellet that was obtained was resuspended in an extraction buffer (0.1 M Tris pH = 8, 0.1 M NaCl, 20 mM EDTA). The suspension was vortexed for 30 s, homogenized and then centrifuged at 1000 g for 2 min. The pellet that was obtained was resuspended in the extraction buffer. The suspension was vortexed and mixed thoroughly. Next, 400 µL of phenol was added to the mixture, and it was vortexed strongly for 1 min. The mixture was left to sit at room temperature for 10 min for the phases to separate. The top phase was removed and placed in a clean tube, and 400 µL of chloroform-isopropanol was added to this portion (for a ratio of 24:1). The mixture was centrifuged at 10,000 g for 10 min, and the top phase was once again placed in a clean tube. Subsequently, 40 µL of 3M sodium acetate and 800 µL of ethanol (pH = 5) at ice temperature were added to the mixture obtained from the last centrifuge, then mixed slowly by shaking. The mixture was then centrifuged at 10,000 g for Vol. 64 No. 6 15 min. The upper portion was removed completely, and 1 ml of 70% ethanol was added to the lower portion. Finally, 0.5 ml of 60% formic acid was added to the final 1 ml of the mixture. The tubes were sealed at 150°C and left to cool for 60 min at room temperature, for the formic acid in the tubes to disappear. The mixtures (approximately 1 ml volumes) were stored at −20°C until the study date.
The levels of 8-OHdG and dG were measured in predefined systems at various wavelengths by high-performance liquid chromatography (HPLC) with HPLC-ultraviolet and HPLC-electrochemical detectors (ECD). Before the HPLC analysis, the hydrolysed DNA samples were redissolved with HPLC eluent. The final volume of 1 ml consisted of 20 ml of the final hydrolysate, HPLC-ECD (HP, HP 1049A ECD, Agilent 1100 modular systems HP 1049A ECD, Germany) reverse-phase C18 column (250 mm × 4.6 mm × 4.0 µm, Phenomenex, CA, USA) and a 0.05 M potassium phosphate (pH = 5.5) tampon containing acetonitrile (97:3, v/v), with 1 ml flow velocity per minute as the mobile phase. The concentration of dG was quantified by measuring the absorbance at 245 nm, and the level of 8-OHdG was observed using electrochemical readings (600 mV). The amounts of dG and 8-OHdG were determined according to Sigma brand dG and 8-OHdG standards, and 8-OHdG/10 5 was used as a marker of DNA damage. [24] Histopathological procedures The retinal tissue removed from the rats was fixed in a 10% formalin solution. Following routine processing of tissue-embedded paraffin sections, 5 µm slices were cut from the paraffin blocks. After deparaffinization and rehydration, the slices were stained with hematoxylin and eosin. All of the slices were coded and evaluated with a light microscope (Olympus CX 51, Tokyo, Japan) by the same pathologist, who had no knowledge of the treatment protocols.
Statistical analyses
The results of the experiments are expressed as the mean value ± standard deviation (x ± SEM). The degree of importance of the variance between the groups was determined using one-way ANOVA, followed by Fisher's post hoc least significant difference test. All statistical calculations were done with SPSS for Windows 22.0 (IBM, Armonk, New York, USA), and a P < 0.05 was accepted as statistically significant.
Results
Biochemical findings
As shown in Fig. 1 , TPP prevented hyperglycemia-induced MDA increases in the rats' retinas. Hyperglycemia decreased the retinal levels of endogen antioxidants, such as tGSH, GSHRd, GST, and SOD, while TPP increased them [ Figs. 2 and 3 ]. In addition, the amounts of the DNA oxidation product 8-OH/ Gua were significantly lower in the DTPG than in the DCG [ Fig. 4 ].
Histopathological findings
The histopathological analysis of the retinas in the HG revealed a ganglion cell layer, inner plexiform layer, inner nuclear layer, outer plexiform layer, outer nuclear layer, and ganglion cells [ Fig. 5a ]. As shown in Fig. 5b , there was a statistically significant increase in vascular structure (arrow), congestion (arrow), and edema (star) in the DCG, as well as a loss of ganglion cells. In contrast, as presented in Fig. 5c , there was very little increase in vascularization (arrow), minimal edema (arrow), and no congestion or loss of ganglion cells in the retinal tissue of the DTPG.
Discussion
This study investigated the biochemical and histopathological effects of TPP on retinopathy in rats with alloxan-induced hyperglycemia. The results of the biochemical analyses showed that the amount of the oxidant MDA increased significantly, whereas the levels of endogen antioxidants, such as tGSH, GSHRd, GST, and SOD, decreased significantly in the retinal tissue of the rats with alloxan-induced hyperglycemia when compared to the HG. These findings showed that the oxidant/antioxidant balance shifted in favor of oxidants in the retinal tissue of the DCG. In healthy tissues, the oxidant/ antioxidant balance was maintained due to the predominance of antioxidants.
Disruption of the oxidant/antioxidant balance is known to cause oxidative stress in tissues, [25] and the role of oxidative stress in the development of diabetic retinopathy is accepted. [9] Lipid peroxidation is known to play a role in the occurrence of diabetes-related late complications. [26] In the present study, the increased MDA levels in the DCG were the end-product of lipid peroxidation caused by oxidative stress. [11] A previous study reported that MDA was increased in the retinal tissues of diabetic rats. [27] The findings of that study are consistent with those of the present study.
In the current study, the level of tGSH decreased in the retinal tissues of the alloxan-induced hyperglycemic rats. As a nonenzymatic endogen antioxidant molecule, tGSH is present in cells at high concentrations and protects biological membranes from lipid peroxidation. [28] A previous study showed that nonenzymatic tGSH levels decreased in animals with induced diabetes. [27] In addition, the activity of certain enzymatic antioxidants, such as GST, GSHRd, and SOD, is reportedly decreased in diabetic rats. [29] [30] [31] It has been suggested that decreased GSHRd plays a role in the development of retinopathy, one of the major complications of diabetes. [32] GST polymorphisms have been reported as risk factors for the development of diabetic retinopathy. [33] The importance of decreased SOD levels in the pathogenesis of diabetic retinopathy has also been emphasized. [32] The literature points to dysfunction of the antioxidant defense system in diabetes. [34] Increased oxidant production and decreased activity of the antioxidant defense system have severe consequences, not only for lipids and proteins but also for nucleic acids, [11] leading to increased levels of 8-OH/Gua, [35] a DNA oxidation product that is accepted as an indicator of oxidative stress. [25, 36] Increased 8-OH/Gua in diabetic patients was shown to lead to the development of microangiopathic complications. [12] Diabetic retinopathy is the most important microvascular complication of diabetes. [3] In the present study, the level of 8-OH/Gua was significantly higher in the DCG than in the HG. The findings of this study are consistent with those in the literature.
In the present study, there was a statistically significant increase in vascular structures, congestion, and edema, and a decrease in ganglion cells in the retinal tissue of the DCG, in which the oxidant/antioxidant balance was shifted in favor of oxidants. Neovascularization is the main finding in diabetic retinopathy. For a diagnosis of proliferative diabetic retinopathy, new vessel formation on the retinal surface and fibrous tissue proliferation must be present. [37] In addition, venous congestion is an important indicator of diabetic retinopathy. [38] Edema is seen in 3% of mild nonproliferative retinopathy cases, in 38% of moderate and severe nonproliferative cases, and in 71% of proliferative cases. [39] In the present study, the loss of ganglion cells in the retina was observed on the histopathological analysis. A previous experimental study showed that diabetes led to the loss of retinal ganglion cells. [40] A recent study also reported the reduced numbers of ganglion cells in the retinal tissues of diabetic mice. [41] Based on the current literature, hyperglycemia-induced oxidative stress was likely responsible in the present study for the severe pathological signs in the retinas of the DCG, in which no treatment was administered. The findings also suggest that elevated oxidative stress plays a role in the development and progression of retinopathy. [34] For this reason, the importance of antioxidants in the treatment of diabetic patients has been emphasized. [42] As shown in the present study, hyperglycemia shifted the oxidant/ antioxidant balance in the DCG in favor of oxidants, whereas the balance shifted in favor of antioxidants in the DTPG. In addition, hyperglycemia-induced histopathological changes were minimal in the retinas of the DTPG compared to those of the DCG. TPP was previously reported to have antioxidant properties. [43] Another study reported that although the antioxidant activity of TPP was lower than that of melatonin and mirtazapine, TPP prevented infertility in diabetic rats caused by ischemia-reperfusion, whereas melatonin and mirtazapine did not. [44] The findings of that study suggest that the protective effects of TPP against oxidative retinal injury are not solely due to its antioxidant activity. In TPP deficiency, pyruvate and lactic acid accumulate in blood and tissue [17] and damage the retinal tissue of the eye. [45] Organic and functional tissue disorders occur when thiamine is not transformed into its active form, TPP, in cells. [46] Some medications and substances were reported to inhibit the expression of the thiamine pyrophosphokinase enzyme and to prevent the formation of TPP from thiamine. [47] Doxorubicin was reported to inhibit thiamine pyrophosphokinase and to have cardiotoxic effects. [48] Furthermore, although treatment with TPP reversed these cardiotoxic effects, treatment with thiamine did not. [48] 
Conclusions
In the present study, alloxan-induced hyperglycemia caused oxidative retinal damage in rats. This retinal damage was histopathologically defined as diabetic proliferative retinopathy. TPP significantly decreased the degree of hyperglycemia-induced retinopathy. It is believed that the hyperglycemia-induced oxidative stress was caused by TPP deficiency in the retinal tissue, and retinopathy consequently developed. The results of this study show that TPP may be useful for prophylaxis against retinopathy in diabetic patients.
